Background The objectives of this study were to determine effects of severe traumatic brain injury (TBI) on cerebrospinal fluid (CSF) concentrations of myelin basic protein (MBP) and to assess relationships between clinical variables and CSF MBP concentrations. Methods We measured serial CSF MBP concentrations in children enrolled in a randomized controlled trial evaluating therapeutic hypothermia (TH) after severe pediatric TBI. Control CSF was obtained from children evaluated, but found not to be having CNS infection. Generalized estimating equation models and Wilcoxon Rank-Sum test were used for comparisons of MBP concentrations. Results There were 27 TBI cases and 57 controls. Overall mean (±SEM) TBI case MBP concentrations for 5 days after injury were markedly greater than controls (50.49 ± 6.97 vs. 0.11 ± 0.01 ng/ml, p < 0.01). Mean MBP concentrations were lower in TBI patients <1 year versus >1 year (9.18 ± 1.67 vs. 60.22 ± 8.26 ng/ml, p = 0.03), as well as in cases with abusive head trauma (AHT) versus non-abusive TBI (14.46 ± 3.15 vs. 61.17 ± 8.65 ng/ml, p = 0.03). TH did not affect MBP concentrations. Conclusions Mean CSF MBP increases markedly after severe pediatric TBI, but is not affected by TH. Infancy and AHT are associated with low MBP concentrations, suggesting that age-dependent myelination influences MBP concentrations after injury. Given the magnitude of MBP increases, axonal injury likely represents an important therapeutic target in pediatric TBI.
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Introduction
Axonal injury is a fundamental mechanism in the pathogenesis of severe traumatic brain injury (TBI). Evidence of diffuse axonal injury on brain MRI can portend significant eventual functional morbidity [1, 2] . Axonal injury can mechanistically involve primary traumatic axotomy from direct disruption, secondary axotomy from calcium accumulation and cytoskeletal compaction, and Wallerian degeneration [3, 4] . These processes involve damage to the intact myelin sheath, which encircles long axons traversing brain white matter, and release of sheath constituents. Myelin basic protein (MBP), a constituent of the sheath, is essential for normal myelination and axonal signal conduction, and mediates adhesion between cytoplasmic surfaces of individual myelin layers [5] . Though also present in the peripheral nervous system, MBP exists predominantly in the central nervous system. The process of myelination is age dependent and progresses from infancy into adolescence [6] , and degrees of myelinated axonal injury may thus differ in relation to patient age. Increases in CSF MBP have been reported following an array of neurological insults including TBI in adults and children [7] [8] [9] [10] [11] . Mukherjee and colleagues [9] , while evaluating the utility of a MBP radioimmunoassay in CSF samples from patients with neurological disease, noted markedly elevated CSF MBP concentrations obtained at random time points in 22 age-unspecified patients with severe TBI compared with controls.
Though investigations of CSF MBP in TBI did not describe associations between concentrations and outcome, serum MBP concentrations in pediatric TBI have been predictive of eventual GOS score [12, 13] . A recently published study of 72 pediatric TBI patients found that serum MBP temporal trajectories with early and large increases in serum MBP were associated with a poor outcome [Glasgow Outcome Scale (GOS) score 3-5] [14] . Given that MBP concentrations in the CSF are not influenced by blood-brain barrier (BBB) permeability as serum concentrations are, MBP directly measured in CSF may demonstrate different concentrations than in the serum following injury, and consequently reflect the temporal course of axonal injury more accurately.
Therapeutic hypothermia (TH) has been proposed as a potential clinical intervention targeted at improving outcome. In several animal models of TBI, TH reduces histological evidence of axonal injury [3, 15] . In particular, calpain proteolysis and neurofilament sidearm compaction [1, 2, 15] are reduced after TH in rat TBI models, suggesting that TH attenuates axonal injury after TBI. Roelfsema and colleagues [3, 4, 16] have also demonstrated that TH reduces demyelination and loss of MBP from injured tissue after a hypoxic-ischemic insult in neonatal sheep. Assessment of MBP in the context of TH after TBI has not been performed previously in humans. Characterization of the effect of TBI on serial CSF MBP concentrations in children would lend insight into the evolution of axonal injury after TBI, effects of therapy such as TH on secondary injury, and whether demographic variables affected measured concentrations. Therefore, we hypothesized that CSF MBP concentrations are elevated after TBI in pediatric patients, and that TH would attenuate that increase. To test this hypothesis, we measured CSF MBP concentrations in a cohort of pediatric TBI patients enrolled in a study of the safety and efficacy of TH following TBI, as well as in a group of controls. We also compared CSF MBP concentrations between groups based on age, gender, etiology of injury (abuse vs. non-abuse), treatment with TH versus normothermia (NT), initial GCS, and 6-month GOS.
Methods
Patients
This study was approved by the Institutional Review Board of the University of Pittsburgh. Children <18 years old and those who were admitted to Children's Hospital of Pittsburgh of UPMC with TBI between July 1999 and December 2003 were eligible for enrollment in the study. Patients were enrolled in two consecutive Phase II randomized controlled trials of the safety and efficacy of TH in infants and children admitted with severe TBI. The details of the study protocols have been previously reported [5, 17] . All patients either presented with or deteriorated to a GCS score B8, and were treated with passive continuous CSF drainage via an extraventricular drain (EVD). Patients treated with TH were cooled to 32-33°C within 24 h of injury. TH was maintained for 48 h, and then patients were gradually re-warmed. Rewarming occurred at a rate of 1°C every 1-2 h to goal temperature, and was not guided by patient ICP. Patients randomized to NT were maintained at 36.5-37.5°C for the initial 48-h-study period. Patient management was otherwise in accordance with the published Guidelines For Management Of Severe Pediatric TBI [6, 18] . CSF samples were collected daily during the first 5 days following injury, or until the EVD stopped draining and/or was removed.
Control CSF was obtained from children who underwent lumbar puncture (LP) in the evaluation of suspected CNS infection. All LPs were non-diagnostic for infection based on culture, cell count, and Gram stain. All CSF samples were centrifuged for 10 min at 5,0009g and stored at -70°C until analysis.
Clinical data collected in TBI cases included demographic information, whether or not the injury was the result of abusive head trauma (AHT), initial GCS, and 6-month GOS. Only demographic data were collected for controls. Favorable outcome was defined as GOS 1-2 as evaluated in the outpatient setting by a site neuropsychologist or neuropsychology technician under supervision of the neuropsychologist, blinded to therapeutic intervention. The diagnosis of AHT was made with consensus of the CHP Child Protection Team, which is consulted on all cases of possible AHT in the hospital. When the time of injury was not known, it was defined as the latest time the injury could have occurred.
Measurement of MBP Concentrations
CSF MBP concentrations were measured using a commercial enzyme-linked immunosorbent assay kit (International Point of Care, Toronto, ON, Canada). The ELISA was performed according to manufacturer's instructions.
Statistical Analysis
All values are expressed as mean ± standard error of the mean. Generalized estimating equations (GEE) were used for bivariate comparisons of CSF MBP concentrations between groups for the 5 days of observation for assessment of effects of time after injury in hours, age (<1 vs. C1 year old), etiology of injury (AHT vs. no AHT), treatment group (TH vs. NT), admission GCS score, 6-month GOS score, and gender. Wilcoxon Rank-Sum test was used for individual univariate comparisons of peak CSF MBP concentrations between groups on the same day after injury. Categorical demographic data between groups were assessed using Fisher's Exact Test. The decision to dichotomize age in <1 versus C1 year of age was based on neuroimaging data indicating the age of 1 year is a transition point into an adult pattern of myelination [6] [7] [8] [9] [10] [11] 19] . p < 0.05 was considered statistically significant.
Results
Demographics
A total of 105 samples were collected from 27 TBI patients; 14 patients were randomized to TH, 13 were randomized to NT. There were 57 controls. The characteristics of TBI and controls are described in Table 1 . There were no significant clinical or demographic differences between patients and controls with the exception of patients being significantly older (6.86 ± 0.94 vs. 0.73 ± 0.28 years, p < 0.01). Ages ranged from 7 weeks to 16 years for the TBI patients, and 8 days to 11 years for the controls. There were 22 TBI patients C1 year old, and 6 controls C1 year old. The clinical, demographic, and outcome variables of TBI patients treated with TH were not significantly different from those patients treated with NT.
Mean MBP Concentration in TBI Patients Versus Controls
Mean CSF MBP concentration in TBI patients from all 5 days after injury category was significantly and markedly greater than in controls as evaluated by GEE (50.49 ± 6.97 vs. 0.11 ± 0.01 ng/ml, p < 0.01, Fig. 1 ). Mean CSF MBP concentration was increased in comparison with controls at the first day after injury (43.02 ± 15.34 vs. 0.11 ± 0.01 ng/ml, p < 0.02). The high CSF MBP concentrations seen in the cases were sustained through the 5 days of measurement, and there were no significant differences between mean concentrations on individual days after injury. There was no overlap between MBP concentrations in TBI patients versus controls in any sample.
Effect of Demographic Variables on Mean MBP Concentrations in TBI Patients
TBI patients C1 year old had higher mean CSF MBP concentrations (60.22 ± 8.26 vs. 19.18 ± 1.67 ng/ml, p = 0.03, Fig. 2 ). Patients with AHT manifested lower mean CSF MBP concentrations than those with non-abusive TBI (14.46 ± 3.15 vs. 61.17 ± 8.65 ng/ml, p = 0.03). The Fig. 3 ). No significant differences in CSF MBP concentrations were detected between postinjury days within either the TH or NT subgroups.
GCS and GOS with Mean MBP Concentrations in TBI Patients
Mean CSF MBP concentrations were not different between patients whose GCS was initially >8 and then declined versus those who presented with GCS B8. There was no relationship between mean or peak CSF MBP concentrations and 6-month GOS.
Discussion
This is the first study demonstrating that children with severe TBI manifest marked and sustained increases in mean CSF MBP concentrations compared with controls. This increase occurs immediately after injury and remains sustained for 5 days after injury without any overlap between patients and controls at any time point. This prolonged increase could be consistent with processes affecting myelin sheath breakdown persisting several days following TBI, perhaps because of secondary injury or Wallerian degeneration, both of which are delayed processes [3, 4, 9] . The observation that CSF MBP rises rapidly after TBI, and that it remains sustained, was surprising given prior investigations by members of this group which demonstrated a delayed increase in serum MBP following TBI [12] [13] [14] . Our finding of an early rise in CSF MBP may be explained by MBP release into the CSF immediately following injury, followed by progressive MBP leakage across the BBB as secondary injury progresses. A study examining CSF MBP following neonatal HIE by Garcia-Alix and colleagues found no significant difference between CSF MBP concentration at 12 and 72 h in HIE patients, also suggesting that MBP concentration rises more rapidly in CSF than in the serum after injury [7, 14] . Given that ongoing CSF MBP release may imply continuing myelin sheath degradation, The magnitude of mean CSF MBP concentration elevation in TBI cases is also noteworthy-concentrations in patients were generally 400-500-fold greater than concentrations in controls (50.49 ± 6.97 vs. 0.11 ± 0.01 ng/ml). Similar concentrations of CSF MBP have been seen in adults with TBI [3, 9, 11, 15] as well as in serum [10] .
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Effect of Age
The inverse relationship between MBP concentrations and age in TBI patients was not surprising as there is a lower relative fraction of MBP in the immature brain of infants. This suggests that increases in CSF MBP concentration in infants after TBI may underestimate the severity of injury for a given insult relative to an older child or adult-where myelination is complete. No significant effect of age was seen on CSF MBP in controls (Fig. 4) . This is compatible with published CSF MBP data from LP on 79 children and adults found negative for neurological disease, which described only a 1 % increase in MBP per year with age over this broad age range [20] . The 95th percentile concentration for these patients was 1.57 ng/ml, far below concentrations seen in this study's patients, however, and does not explain the exuberant release of MBP in the CSF of these patients after trauma. This association of age and CSF MBP concentration is reflected in our TBI patients in that those <1 year old manifested lower mean concentrations of CSF MBP than those C1 year old. Based on results from this and other investigations [20] , the effect of age on MBP must be considered when interpreting MBP as a biomarker in pediatric TBI.
MBP and AHT
Given the importance of diffuse axonal injury in the pathophysiology of AHT [21] , we were initially surprised by lower mean CSF MBP concentrations in children with AHT versus non-abusive TBI. However, the mean age of subjects with AHT was significantly lower than the mean age for subjects with non-abusive TBI, and brain maturity likely influenced CSF MBP concentrations measured in AHT patients. The lack of any cases of non-abusive TBI who were <1 year of age in our study population precluded a multivariable analysis to evaluate the influence of age independent of injury mechanism. Ideally, we would be able to compare CSF MBP concentrations in children with AHT to age-matched children with non-abusive TBI, however, the majority of AHT being inflicted on patients <1 year of age is well recognized.
Effect of Gender
In multiple TBI clinical series, females have fared better than males in parameters such as overall outcome [22] , memory [23] , and oxidative injury [24] . Our finding that female TBI patients demonstrate lower peak (but not mean) CSF MBP concentration than male patients despite similar initial GCS scores may indicate a proclivity toward reduced axonal injury in females. The effects of female sex hormones have been proposed as being neuroprotective [22] [23] [24] . Given that the majority of the patients in this study are prepubescent (19 of 27 patients were B10 years old), the influence of sex hormones appears less likely, and perhaps other unknown mechanisms contributed to the lower peak MBP concentrations observed in female patients [25] .
Effect of TH
Because of the preponderance of animal data demonstrating that TH has a beneficial effect on axonal injury [3, 15, 16] , as well as human pediatric data indicating TH after TBI leads to lower CSF concentrations of the cerebral biomarkers alpha synuclein [26] , NSE, S100B, and CK-BB [27] , it was surprising that patients treated with TH did not have lower mean CSF MBP concentrations compared with patients treated with NT. One possibility for the discontinuity between the experimental and clinical studies in the efficacy of TH on axonal injury is that rewarming in the clinical trial was too rapid. Suehiro and Povlishock [28] demonstrated that traumatic axonal injury is exacerbated by rapid re-warming in experimental TBI. It is not clear what rewarming rate might be potentially deleterious with regard to axonal injury in clinical TBI, however, the patients treated with hypothermia in our study did show rebound intracranial hypertension during rewarming, suggesting that axonal injury could also have been exacerbated [17] . There was no significant difference between CSF MBP concentrations in TH and NT patients on D1 or D2 before rewarming, however. Another possible reason TH was not associated with a difference in MBP concentration could be that the majority of MBP dispersed into the CSF in TBI occurs soon after injury. Persistently elevated concentrations might therefore reflect slow MBP clearance as opposed to ongoing secondary injury. In this paradigm, TH may not have a significant effect on total CSF MBP concentration even if it reduces secondary injury. A third possible explanation for the failure of hypothermia to attenuate MBP concentrations as a reflection of a reduction in axonal injury is that time to onset of cooling and target temperature was much slower in the clinical (hours) versus experimental studies (immediate). This explanation is supported by the fact that MBP concentrations did not differ between groups even during the period where hypothermia was being applied. Further studies of MBP concentrations in the Cool Kids trial, which used a more conservative approach to rewarming, may provide additional insight into this question.
Associations with Admission GCS and Six-Month Outcome
The observation that admission GCS did not correlate with mean CSF MBP is also important. This may suggest a significant contribution of secondary injury to axonal pathology following TBI, and CSF MBP release may reflect damage more from the evolution of TBI than the initial insult. Despite previous work demonstrating an inverse correlation between outcome and peak serum [13, 14] and CSF [10] MBP concentrations, peak CSF MBP concentrations in this study were not associated with 6-month outcome. Previous study has demonstrated that CSF MBP concentration may correlate with outcome post injury. The study of CSF MBP concentrations in neonatal HIE by Garcia-Alix and colleagues [7] found that mean MBP concentration at 12 and 72 h correlated with neurocognitive outcome at 1 year of age. Noseworthy and colleagues [10] demonstrated 6-month GOS score correlated with a single peri-operative CSF MBP measurement in adults who underwent surgery within a week of TBI.
This study did not demonstrate an association between 6-month GOS score and CSF MBP concentration. The Phase II study of TH of which this investigation was a part did not find an association between favorable and unfavorable GOS.
Limitations
Despite the intrinsic heterogeneity of pediatric TBI presentation and management, this study demonstrated a significant effect of TBI, age, and mechanism on mean CSF MBP concentrations as a biomarker of myelin sheath damage. Limitations in this investigation included significantly younger age of controls compared with TBI patients due to the tendency of patients undergoing LP for occult CNS infection evaluation to be young infants. However, no members of the control population over the age of 1 year old had significantly elevated CSF MBP levels above those less than 1 year. Consequently, the 400-500-fold mean CSF MBP concentration elevation above controls seen in the TBI patients is not likely to be solely because of agerelated myelin maturation. It is also reasonable to believe that MBP should not normally be present in the CSF of controls, given that it is primarily a structural protein in myelinated axons. Another factor affecting CSF MBP concentration is that TBI patients in this study all experienced severe injury with GCS B8, and milder injury was not reflected. However, EVD placement is very rarely performed on admission in cases with milder injury.
Conclusions
In conclusion, this investigation demonstrates that there is an exuberant and persistent increase in mean CSF MBP concentrations in pediatric patients after severe TBI compared with controls, suggesting an important component of axonal injury in pediatric TBI that is initiated very early after injury. This rise is less pronounced in the young and those who have suffered AHT. A lower peak CSF MBP concentration was also demonstrated after TBI in females.
